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Abstract 
The pore structure of three-dimensional scaffolds applied in tissue engineering may influence the mechanical properties and cellular 
activity. As the optimal pore size is dependent on the specifics of the biomaterial or tissue engineering application, the ability to 
alter the pore size over a wide range is necessary for several scaffolds in order to meets the requirements of the applications. The 
aim of this study is to develop methodologies to produce calcium phosphate scaffolds with acceptable pore size and defined pore-
channel interconnectivity. The pore size of calcium phosphate scaffolds is established during the freeze-drying fabrication process. 
In this process, material suspension is simply frozen and then dried by freeze-drier, which able to produce material with unique 
porous architectures, where the porosity is almost a direct replica of the frozen solvent crystals. There are two different method of 
freeze-casting carried out in order to study the effect of freezing temperature by which in the first method; sample being soaked 
with liquid nitrogen (-196 °C) for about 10 minutes before been place inside a freezer (-40 °C). In the second method, the sample 
was directly placed inside a freezer for casting at temperature of -40 oC. The results show that the pore size of the scaffolds 
decreased as the freezing temperature was reduced. Taken together, these results demonstrate that the methodologies applied in 
this study can be used to produce a range of calcium phosphate scaffolds exhibiting better compressive strength, approximately 
665-875 KPa for 54-64.3% of porosity with mean pore size from 102-113 µm. The methods developed in this study provide a basis 
for the investigation on the effects of different freezing temperature in freeze-casting process on the porosity, morphology, and 
compressive properties of the calcium phosphate scaffolds. 
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1. Introduction 
Porous scaffolds are used extensively in tissue engineering to provide a three-dimensional structure on which tissue 
cells can growth. The pores’ structure of these scaffolds has shown significant effect on both mechanical properties 
and cellular activity1. In biomaterials and tissue engineering applications, the pore size of scaffolds must be large 
enough to allow infiltration of the cells toward the center of the scaffolds, which being small enough to provide 
sufficient density for cellular attachment2. Besides that, pore diameter influences the ability of diffusion process to 
occur within the scaffolds such as diffusion of nutrients and waste products3. The optimal pore size is depends on the 
specifics tissue engineering applications. Bone tissue repair for example, required pore size ranged in 100-150 µm 
which is substantial for bone ingrowth4. Besides that, endothelial cells show favorable attachment to pores in the range 
of 20-80 µm5. Furthermore, scaffolds must be made up of sufficient mechanical strength in order to provide support 
during cell growth. Therefore, for scaffolds to use in multiple applications, the ability to alter the pore size over a wide 
range is essential.  
In this project, freeze-casting method is used to fabricate porous calcium phosphate scaffolds, which have been 
used in a variety of tissue engineering studies6. In this process, slurry of calcium phosphate is simply frozen and then 
dried by freeze-drier. This produces a continuous network of ice crystals throughout the body of scaffolds which able 
to produce scaffolds with unique porous architectures, where the porosity is almost a direct replica of the frozen 
solvent crystals7-8. As the pore structure of the scaffolds mirror the ice crystal structure formed during freezing, 
therefore the pore structure can be controlled by altering the freezing process used during freeze-drying such as 
varying the freezing temperature8. 
Previous work has investigated the effects of freezing temperature used in the freeze-casting process. It is noted 
that, the freezing temperature influenced the pore size. The results show that, the pore size decrease as the freezing 
temperature increase9.  
In this study, two different method of freeze-casting were carried out in order to study the effect of freezing 
temperature. In the first method, sample being soaked with liquid nitrogen (-196 °C) for about 10 minutes before been 
place inside a freezer (-40 °C). In the second method, the sample was directly placed inside a freezer for casting at 
temperature of -40 oC. Extremely low temperature of liquid nitrogen results in rapid formation of ice nuclei and the 
growth of small ice crystals. However, freezing process at -40 °C, results in slow ice nucleation and nuclei tend to 
grow into larger ice crystals which lead to the production of materials with large and random pores10.  
 
2. Materials and Methods 
2.1 Preparation of calcium phosphate scaffolds 
 
     The porous inorganic scaffolds were produced by the freezing of calcium phosphate slurries. Slurries were prepared 
by mixing 50 wt% distilled water with 4 wt% of polyvinyl alcohol (PVA) as binder and 4 wt% of polyethylene glycol 
(PEG) as plasticizer and 50 wt% of β-TCP powder loading. Slurries were homogeneously mixed by using mechanical 
stirrer for 4 hours at 600 rpm. Then, homogeneous slurries were de-aired inside a vacuum dessicator with pressure 
supplied at 0.09 MPa to remove bubbles. 
 Freezing of the slurries was done by pouring them into a cylindrical polypropylene (PP) mold. In order to study 
the effect of freezing temperature, the slurry in the polypropylene mold was soaked into liquid nitrogen (-196 °C) for 
about 10 minutes before been place inside a freezer (-40 °C). This is called as a first method. Meanwhile, in the second 
method, the sample was directly placed inside a freezer at temperature of -40 oC. Next, frozen samples were freeze 
dried using FreeZone® 4.5 Liter Benchtop Freeze Dry Systems, Labconco at very low vacuum pressure 0.200 mBar 
and at low temperature of -47 °C. Sintering of the green bodies was done in an air furnace using Carbolite CWF 1100 
at temperature 1100 °C.  
 Apparent porosity was derived from the density measured by Archimede’s method. The microstructure of the 
samples was analyzed by scanning electron microscopy (SEM) (Model: Hitachi TM3000 Table Top).  
 
 
176   Z.A. Shazni et al. /  Procedia Chemistry  19 ( 2016 )  174 – 180 
2.2 Sample characterization 
 
2.2.1 Density and Porosity 
 
    Density and porosity were measured based on the Archimedes’ principle (ASTM C 20-00). A balance (Model: 
Sartorius) and vacuum pump were used in this technique. The samples were first dried in order to remove any moisture 
entrapped inside the samples. Then, the sample was weighed to obtain the initial weight, Wd. The samples were then 
immersed into a beaker containing distilled water before been placed in vacuum desiccators to remove air bubbles 
inside the samples for 2 hours. After 2 hours, the samples were taken out from distilled water by considering the 
distilled water has fully filled the porous scaffolds. This method was carried out by observing the bubbles produced 
around the samples when first immersed it into the beaker. Distilled water is considered fully filled the porous 
scaffolds only when there was no more bubbles exist on top of the water surface. The wet sample weight was measured 
as Ww by weighed it on the balance. Lastly, the sample was suspended into the distilled water and weigh. The weight 
is considered as Ws. The summary of calculation is shown in Equation 2.1, 2.2 and 2.3. 
 
  Volume, V (cm3) = Ww (g) – Ws (g)      (2.1) 
  Bulk Density, p (g/cm3) = ୛ୢ୚        (2.2) 
 The porosity of porous HA is measured using Equation 2.3: 
  Percentage of Porosity, P (%) = ୛୵ି୛ୢ୚ ͳͲͲ       (2.3)  
2.2.2 Morphological Analysis 
 
  Scanning Electron Microscope (SEM) (Model: Hitachi TM3000 Table Top) was used to analyze the morphology 
of the β-TCP scaffolds. The SEM used a focused beam of high energy electrons to produce a variety of signals at the 
surface of solid specimen. The β-TCP scaffolds were mounted to an aluminium mount with carbon double sided tape 
and sputtered with thin layer of gold by using Polaron SC 515 sputter coated in order to avoid electrostatic charging 
throughout the observation work. Next, the samples were placed into a chamber of SEM. Cross-section of porous 
structure β-TCP scaffolds was observed and pore size were recorded. 
 
2.2.3 Compressive Test 
 
Compression test was carried out in order to investigate compressive properties of porous β-TCP scaffolds. 
Compressive strength of specimens was measured using INSTRON 3369 according to ASTM-F-451-95. The testing 
speed was fixed at 2 mm/min at 25 kN load cell. Cylindrical β-TCP scaffolds (24 mm in height and 12 mm in diameter) 
were prepared. The reading of maximum load (N) and maximum strength (KPa) were calculated from the average of 
five tested samples. 
 
3.  Results and Discussion 
 In this study, the cylindrical PP mold was placed in a horizontal direction inside the freezer. From this freezing 
process, it causes the particles in the ceramic slurries to be removed out from the moving ice front and piled up between 
the growing ice crystals. Afterwards, the ice is then sublimated by freeze drying process, thus producing ceramic 
scaffold which microstructure following the replica of the ice. The porosity of the sintered ceramic scaffolds is a 
replica of the ice structure before drying. 
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3.1 Porous structures of calcium phosphate scaffolds 
 
      Based on the microstructure, the samples can be divided into three parts namely top-middle-bottom parts, each of 
them characterized by different sizes and arrangement of pores. Different freezing temperatures give different kind of 
morphologies. Fig. 1 shows the calcium phosphate scaffolds obtained from freeze casting-liquid nitrogen and freeze-
casting-freezer. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Calcium phosphate scaffolds fabricated by freeze casting-liquid nitrogen (left) and freeze casting-freezer (right). 
 
 Fig.1 shows the inner side of the calcium phosphate scaffolds for freeze casting-liquid nitrogen. Fig.2 (a-c) 
indicates the morphology observed at top, middle and bottom part of the scaffolds Fig. 2 (a) shows smooth-flat surface 
of porous β-TCP scaffolds and consists of equal similar pore size distributes throughout the surface. Small and similar 
pore size located close to each other and arranged in manners way. This is parallel to the findings from the previous 
work10. They mentioned that aqueous solution frozen in liquid nitrogen results in rapid formation of ice nuclei and 
growth of small ice crystals which eventually produced small pores that followed the replica of the ice crystals. 
Besides, the top part exhibits coral-reef structure of the β-TCP with open and interconnected porosity.  
 
Fig 2. Microstructure of porous β-TCP scaffolds produced by freeze casting-liquid nitrogen at freezing temperature, - 196 °C. (a), (b), and (c)     
were observed at 2000x magnification. 
 
 Fig. 2 (b) represent the morphologies of the middle part that show homogeneous distribution of β-TCP coral reef 
structure but with smaller size of pores. In addition, the open and interconnected pores located even closer to each 
other as compared to the top part. This is related to the steady freezing process and allows the ice crystals exhibit a 
homogeneous morphology throughout the whole sample. The distribution of the pores within the structure of porous 
β-TCP scaffolds were in order with similar average pore size throughout the surface.  
 The last part is the bottom part of the scaffolds represent by Figure 2 (c). The morphology show porous structure 
(c) 
TOP 
MIDDLE 
BOTTOM 
(a) (b) 
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but with poor pore interconnectivity. This is because, the pores are located very close to one other and held in a 
compact arrangement. This is due to the sedimentation of the slurry during freeze casting process. The tube holding 
the slurry scaffolds been placed in a horizontal way and causes the bottom part to be very saturated. The pore size is 
small at this part. Hence, from biomedical point of view, this part will be little interest and this part probably has to 
be removed. It is important to note that for the porosity should be well interconnected and made up of minimum pore 
size in the range of 15-40 µm to allow growth of cells and diffusion of nutrients takes place11 
 Figure 3 shows the morphology obtained from second method, freeze casting-freezer method. The same 
pattern can be seen in the micrograph of the scaffolds from top to the bottom part as in Figure 2. The top region in 
Figure 3 (a) shows uneven surface with large and random interconnected pores that far from one another as compared 
to top region in Figure 2 (a). This is related with the freezing temperature used to cast samples. Temperature of freezer 
at –40 °C allowed the ceramic slurry to be kept at a fixed cooling rate and fixed temperature. Freezing temperature 
was found to influence the pore size. It was reported that pore size decreased with reducing freezing temperature8. 
Higher freezing temperature causes slow ice nucleation process and the nuclei tend to grow into larger ice crystals, 
which eventually results in large and random pores after the freeze drying process9. Therefore, it results in large pore 
sizes that distribute in random manners. 
 
Fig 3. Microstructure of porous β-TCP scaffolds produced by freeze casting-freezer at freezing temperature, - 40 °C. (a), (b), and (c) were  
 observed at 2000x magnification.  
 
 At the middle part of the scaffolds in Figure 3 (b), it is observed that pore size decreased. The pores are closed to 
one another and better homogeneity of the surface structure is obtained. Even though it shows decrease in pore sizes 
but the distribution of the pores is equally similar throughout the surface.  
 As expected, the bottom part show fully dense and compact pores by which the arrangement of the pores is much 
closer to each other. The pore sizes even smaller as compared to the middle part.. Thus result in poor pore 
interconnectivity. Hence, this region is not really suitable to be applied in biomedical fields since it does not fill the 
main requirements of scaffolds which is interconnected porosity. Ciara and O’Brien reported that large and 
interconnected pores help to improve possibility for cell migration and proliferation13. 
 Microporosity of the sample was determined through Image J Analyzer. The average pore size was only measured 
for the top part of calcium phosphate scaffolds as it shows obvious porous structure as compared to the medium and 
bottom region. The average pore size measured for scaffolds produced by freeze casting liquid nitrogen method is 102 
µm with 54% porosity. Minimum pore size of ~100 µm is sufficient for bone growth into ceramic structure12. The 
pore size of 102 µm lies in between the ranged of small pore sizes (85-190 µm) and basically fit with the requirement 
of scaffolds that function as bone tissue repairs. In addition, small pore sizes give large surface area for bone tissues 
cells to interact with the ceramic scaffolds. This statement is supported by Ciara and O’Brien where they indicated 
that, high specific surface area in scaffolds is important for optimal cell attachment13.  
 The average pore size measured from freeze casting-freezer method is 113 µm which show similar results 
compared to the previous methods. Porosity of the interconnected pore of the scaffolds is 64.3 %. Size of pores 
obtained here lies in the range of large pores that is considerable for bone ingrowth. Large pore is between 100-150 
µm and 150-200 µm showed substantial bone ingrowth14. Bone ingrowth was similar in all the pore sizes suggesting 
that 100 µm may not be critical pore size for non-load bearing conditions. Table 4.1 summarizes the result of average 
pore size and percent of porosity obtained from the two methods. 
(a) (c) (b) 
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Table 1.  Average pore size and percentage of porosity measured at the top part of calcium phosphate scaffolds produced 
by freeze casting-liquid nitrogen and freeze casting-freezer 
 
 
 
 
 
 
 
3.2 Compressive strength of calcium phosphate scaffolds 
 
       For the application as scaffolds in biomaterial engineering field, determination of compressive strength is critical 
since the scaffolds must have adequate mechanical strength to withstand the force during growth of cells. Therefore, 
it is important to discover the limitation of the materials so that it will perform at optimum rate and according to the 
required specification. Figure 4 represent the compressive strength of β-TCP scaffolds that produced from freeze 
casting by liquid nitrogen and freeze casting by freezer. Calcium phosphate scaffolds produced by freeze casting liquid 
nitrogen produce higher compressive strength as compared to freeze casting by freezer (875 KPa than 665 KPa). 
Different fabrication method leads to different compressive strength. The difference in compressive strength can be 
related with the average pore size and percentage of porosity as discussed in Section 3.1. It is noted that the average 
pore size, 102 μm and porosity of porous β-TCP scaffolds, 54% fabricate by liquid nitrogen is lesser than that of the 
ones fabricated by freezer thus result in slightly higher compressive strength; 875 KPa than 665 KPa by freeze casting-
freezer. As the porosity decreased, the compressive strength increased remarkably.  
 
 
Fig 4. Comparison of compressive strength of the porous calcium phosphate scaffolds prepared by two different methods. 
 
4. Conclusion 
Pore size has been previously found as an important aspect of scaffolds design. The results of this study show that 
different freezing temperature can produce different morphology of calcium phosphate scaffolds with pore size ranged 
between 102-113 µm. Size of pores can also influence the total average porosity exist in the scaffolds. Large pore size 
results in higher porosity which eventually affects the compressive strength. Compressive strength obtained by freeze 
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Method to produce calcium phosphate scaffolds
Method Average Pore Size (µm) Porosity (%) 
Freeze Casting-Liquid Nitrogen 102 54 
Freeze Casting-Freezer 113 64.3 
180   Z.A. Shazni et al. /  Procedia Chemistry  19 ( 2016 )  174 – 180 
casting by liquid nitrogen show remarkable improvement (875 KPa). As the porosity decreased (54%), the 
compressive strength increased remarkably. Basically, the scaffolds produced in this study provide basic investigation 
on the effects of freezing temperature to the porosity, morphology and compressive properties of ceramic scaffolds.  
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